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The shape of flowers frequently corresponds to the morphology of pollinators but some floral traits may also function to prevent non-
pollinating flower visitors from stealing flower rewards. Despite the presence of such structures few studies have demonstrated their efficacy in
limiting the nectar intake by nectar thieves. The flowers of Strelitzia reginae are regularly visited by sunbirds that do not effect pollination and act
solely as nectar thieves. In this species, the nectary is covered by the convoluted bases of the petals (“nectar barriers”). In this study we investigate
how non-pollinating sunbirds interact with these nectar barriers and whether nectar barriers play a role in limiting the amount of nectar sunbirds
can steal. We quantified the volume of nectar that sunbirds consume while visiting flowers where nectar barriers were present and in flowers
where these were experimentally removed. We found that sunbirds consume a median of 106.8 µl of nectar when visiting flowers with nectar
barriers present and consumed a significantly greater volume of nectar (median=158.03 µl) in flowers without nectar barriers. These results
suggest that the convoluted petals that cover the nectary of S. reginae may function to reduce nectar theft but are likely to be more effective
against insect nectar thieves. This is one of the first studies to quantitatively demonstrate the role of flower features that may function to limit
nectar theft.
© 2009 SAAB. Published by Elsevier B.V. All rights reserved.Keywords: Nectar theft; Robbery; Sunbirds; Strelitzia reginae1. Introduction
Nectar is a readily available source of energy (Heinrich, 1981)
and consequently many flower visiting animals steal nectar
without “payment” in the form of pollination (Inouye, 1983;
Maloof and Inouye, 2000).Most groups of flower visiting animals
have members that steal nectar (Inouye, 1983; Proctor et al.,
1996). Inouye (1983) defines nectar robbery as the consumption
of nectar from flowers without contacting the sexual parts of the
flower by physically damaging the flower in away that is not done
by legitimate pollinators. The best known nectar robbery is
undertaken byXylocopa andBombus bees that pierce the tissue of
the base of the corolla tube to access the nectar (Inouye, 1983). In
contrast, nectar theft is when nectar is freely accessible but
without the pollinators coming into contact with the anthers and
stigma as a result of a morphological mismatch between the⁎ Corresponding author.
E-mail address: g03c4857@campus.ru.ac.za (G. Coombs).
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doi:10.1016/j.sajb.2009.07.018pollinator and flower (Inouye, 1980). While this terminology
clearly separates the two forms of nectar pilfering, both terms are
commonly used interchangeably in the literature (Inouye, 1980)
as well as in every-day language. In this paper we will primarily
use the term nectar “theft” as this is what occurs in our study
system.
Due to the negative impacts of nectar theft on plant fitness
(Wyatt, 1980; Traveset et al., 1998; Irwin and Brody, 1998;
Maloof and Inouye, 2000; Irwin et al., 2001), plants have
evolved physical and chemical mechanisms that prevent nectar
theft (Rhoades and Bergdahl, 1981; Inouye, 1983; Johnson
et al., 2006). Such features include longer corolla tubes (Lara
and Ornelas, 2001), or thicker corolla tissue (Thunbergia
grandiflora, Acanthaceae; Inouye, 1983), while in some
species, the nectar may be distasteful to potential nectar thieves
(Johnson et al., 2006).
Few studies have quantified the volumes of nectar removed
by nectar stealing visitors to test whether these mechanisms
are indeed effective at limiting the volume of the nectar
removed (but see Irwin et al., 2004). One example is that ofts reserved.
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of phenolic compounds in the nectar of Aloe vryheidensis was
distasteful to sunbirds that avoided consuming the nectar of
this species.
Sunbirds are the dominant group of obligate nectar feeding
birds in South Africa with 20 species present in the region
(Skead, 1967; Oatley and Skead, 1972). Although sunbirds
pollinate numerous African plants (Johnson, 1995; Pauw, 1998;
Anderson et al., 2005; Johnson and Nicolson, 2008) they may
also be nectar thieves of some species where the flowers are not
morphologically adapted for sunbird pollination (e.g. Johnson
et al., 2006). Strelitzia reginae is one such example and despite
sunbirds being regular visitors to this species both in wild and
cultivated plants, studies by Coombs et al. (2007) found that the
vast majority of these visits entail the birds perching on the
spathe of the flower and hence not touching the anthers or
stigma, functioning solely as nectar thieves. This is in contrast
to the legitimate weaver bird pollinators that visit the flowers
infrequently and alight on the fused blue petal, making contact
with the anthers and stigma (Rowan, 1974; Skead, 1975;
Coombs et al., 2007). In light of these findings showing that the
nectar thieving sunbirds more frequently visit the flowers of S.
reginae than the legitimate weaver pollinators, our attention was
drawn to the possibility that the relatively tough convoluted
petals that cover the nectary (“nectar barriers”) may function to
prevent such nectar theft.
We therefore set out to quantify nectar theft by sunbirds on
S. reginae and ask: 1) do visits by sunbirds significantly reduce
the volume of nectar present in flowers and 2) does the presence
of the convoluted petal bases serve as barriers to sunbird access
to the nectary, reducing the volume of nectar consumed by these
birds?
2. Methods
2.1. Study species and study site
The iconic S. reginae is a short, stemless evergreen perennial
that is found along the coast of the Eastern Cape province of
South Africa between Port Elizabeth and Port St. Johns and
approximately 60km inland. The inflorescence consists of a
peduncle arising from the axils of the leaves and produces a
coriaceous bract, the spathe, from which individual flowers
arise sequentially. The flowers of this species are bisexual and
consist of 3 orange sepals and 3 blue petals. The lower two blue
petals are fused forming a triangular sheath that enclose the five
anthers (Archer, 2000). The nectar is situated in a short corolla
tube at the base of the three blue petals. The two fused petals
form a convoluted covering at the base of the petals enclosing
the nectary. For purposes of this study we call these “nectar
barriers” (Fig. 1A). The third petal is smaller and concave,
forming a hood over the entrance to the nectary.
All experiments were conducted in 3 large naturalized stands
of S. reginae growing in the Grahamstown Botanical Gardens,
Eastern Cape, 13km from the nearest wild population. Visits were
observed from hides approximately 2m from the experimental
patches.2.2. Is nectar removed by other means?
The experimental manipulations described below require the
introduction of known volumes of nectar prior to the experiment.
These experiments assume that nectar volume and concentration
do not change due to other factors such as reabsorption (e.g.
Burquez and Corbet, 1991), evaporation or leaking from flowers.
In all cases nectar volume was determined using 50 µl
micropipettes, while nectar concentration was measured with an
Atago refractometer.
To test these assumptions, we tested for changes in the
volume and concentration of nectar, 3½h after a known amount
of nectar was introduced into bagged flowers. The initial nectar
volume and concentration of all open flowers (n=9) on 5 plants
were measured between 10:00 and 12:30. The average volume of
nectar was then replaced by injecting nectar from a stock solution
of nectar collected the previous afternoon from approximately 40
individuals of S. reginae growing within the gardens of Rhodes
University, a few hundred meters from our study plants. Nectar
was removed or injected either through a small hole pierced in
the sidewall of the corolla tube or by parting the nectar barriers
and inserting the micropipette directly into the nectar. The nectar
volume and concentration were again measured from 16:00 in
the afternoon to determine if any changes in nectar volume and
concentration had occurred.
2.3. Determining nectar theft
Flowers were observed on 7 days during May and July
2006. On each observation day, we selected at least 5
individuals within line of sight from the hide and used all
newly opened flowers on these plants for the experiment. This
resulted in between 7 and 11 flowers being used per
observation session. To prevent sunbirds from visiting flowers
before experiments, inflorescences were bagged in the late
afternoon of the previous day. Using the method described
above, the initial standing volume and concentration of nectar
per flower were determined and the nectar replaced with a
similar volume of nectar from the nectar stock collected from
other plants rounded to the nearest 5 µl. In later experiments
we standardized the injected nectar volume to 160 µl per
flower (rounded average of mean morning nectar volume=
156.7 µl, SD=77.4, n=27 flowers).
Flowers were immediately harvested following a sunbird visit
and the volume and concentration were measured. Observations
made on the first day only tested whether sunbirds reduce the
volume of nectar within unmodified flowers. On all other days we
compared nectar consumption by sunbirds visiting both unmod-
ified flowers and flowers where nectar barriers were removed.
The absence of nectar barriers was simulated by removing a small
square section of the barriers (Fig. 1B). This procedure does not
alter the morphology of the flower in any way other than allowing
for more direct access to the nectar. During observation periods
we attempted to assign equal numbers of flowers to either
treatment (i.e. nectar barrier present or absent) and on 4 of the
observation dates also bagged 2 controls of each treatment (total
of 8 per treatment) to quantify whether nectar barriers serve to
Fig. 1. The nectary of S. reginae is covered by the convoluted bases of the two fused petals forming a barrier to the opening of the corolla tube (A). To simulate the
absence of this structure we removed a small square section of the protective petals (B). Sunbirds visit the flowers of S. reginae and access the nectar without
contacting the anthers or stigma (C). Scale bars: A & B=5 mm, C=100 mm.
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controls, the same protocol as before was used to bag an
additional 4 controls on 2 days after observations on nectar
thievery were completed. This culminated in a total of 12 controls
for each treatment. The nectar volume and concentration of
controls were measured at the end of each observation period.
Nectar concentration was measured to assess if part of the nectar
loss could be the result of evaporation. All observation periods
occurred between 7:30 and 14:30 pm, and typically lasted
between 1 and 3½h.2.4. Statistical analysis
In order to express the volume of nectar consumed by
sunbirds as positive values we calculated the difference between
the final and initial volume of nectar during the experimental
period by subtracting the final volume from the initial volume,
therefore negative values indicate an increase in final volume.
The change in nectar concentration was calculated by subtract-
ing the initial concentration from the final concentration,
therefore negative values indicate lower final concentrations.
Fig. 2. Change in (A) nectar volume and (B) nectar concentration of
experimental and control flowers (open circles indicate outliers). The negative
values in control flowers indicate that these typically contained a greater volume
or more dilute nectar in the final measurements (Letters indicate significant
differences using post-hoc t-tests.
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ANOVA (PERMANOVA, see Anderson, 2001) to analyse for
the effect of sunbirds and nectar barriers on the volume and
concentration of nectar consumed. This statistical method does
not require normality of response variables and is robust to mild
departures from variance homogeneity (Anderson, 2001), as
was the case in our data. We carried out the all data analysis on
Box–Cox transformed data which further improved homoge-
neity. We performed two-way fixed effects ANOVA with bird
present or absent and nectar barrier present or absent as the two
main effects. A Type III sum of squares model was used
(Anderson, 2005a). Data analysis was done using the program
DISTLM (v.5) and distances between data values were
calculated as Euclidean distances. We obtained both p-values
and t-values (see later) using 999 permutations to achieve
adequate precision of the p-value at the 5% level of significance
(see Anderson, 2001). A second p-value was derived using the
Monte–Carlo sampling option provided by the program. The
Monte–Carlo method provides a more precise p-value when
sample sizes are small (Anderson, 2005b). In order to
specifically address question 2 (stated above), we performed
two pre-planned post-hoc tests (Sokal and Rohlf, 1995). These
were to test if sunbirds consumed significantly more nectar
when visiting flowers with nectar barriers absent (upper-tailed
t-test) and to test for any significantly different nectar volumes
in control flowers with or without nectar barriers present (two-
tailed t-test). Methods for obtaining t-values are discussed in
Anderson (2001). For easier interpretation, we plotted box-plots
with untransformed data in order to show the spread of the data.
3. Results
3.1. Is nectar removed by other means?
The volume of nectar within flowers did not differ
significantly between the initial (10:00–12:30) and final
(16:00–18:00) sampling periods (t16=−0.040, p=0.41) sug-
gesting that nectar is not re-absorbed and does not undergo
significant evaporative losses using this method. The average
injected volume of nectar was 205.2 (SD=61.7) and the final
volume was 206.5 (SD=83.5). The average concentration also
showed no significant change (t16=1.10, p=0.30).
3.2. Nectar thieving
The only sunbirds that visited S. reginae during our
observation periods were either Greater Double-collared sunbirds
(Cinnyris afer) or Southern [Lesser] Double-collared sunbirds
(Cinnyris chalybeus, Fig. 1C). Amethyst [Black] sunbirds
(Chalcomitra amethystina) and Grey sunbirds (Cyanomitra
veroxii) were less common in the vicinity and rarely visited
S. reginae and did not visit any of the flowers used for the nectar
thieving experiments. Malachite sunbirds (Nectarinia famosa)
were never observed visiting S. reginae despite frequently visiting
Aloe ferox in the immediate vicinity. In total 33 visits were seen of
which only 3 were by females. We did not distinguish between
Southern and Greater Double-collared sunbirds as this can bedifficult when birds are viewed from a distance or not trapped to
confirm identity. The change in the nectar volume that was
consumed was significantly greater in flowers that had been
visited by sunbirds than control flowers (p=0.001, Fig. 2A;
Table 1). Sunbirds significantly reduced the volume of nectar both
in flowers that had nectar barriers present and in the treatments
where these were removed (p=0.001, Table 1). The sunbirds
consumed a median of 106.8 µl (UQ=154.22, LQ=40.90,
IQR=113.32) from flowers with nectar barriers present and a
median of 158.03 µl (UQ=188.60, LQ = 127.82, IQR=60.80)
where nectar barriers were absent. In both control treatments with
no sunbirds the median nectar values where negative indicating
that nectar was produced. The interaction effect between the two
main factors was marginally non-significant (p=0.062, Table 1),
but was significant when using Monte–Carlo p-values
(p=0.046). However, post-hoc tests indicated that sunbirds
consumed significantly more nectar from flowers without nectar
barriers (t30=2.21, pb0.05). Sunbirds consumed on average
93.7%of the nectar in flowerswhere nectar barrierswere removed
and 63.4% where nectar barriers were present. There was no
difference in the amount of nectar produced by control flowers
with or without nectar barriers (t22=0.40, pN0.5, Fig. 2A). The
final sample size for nectar concentration was lower than that for
nectar volumes as we could not measure the nectar concentration
Table 1
Summary of non-parametric ANOVA (PERMANOVA) testing for the effect that nectar barriers have on limiting the intake of nectar by sunbirds.
Volume SS df MS F p
Bird present/control 52898.44 1 52898.44 103.40 0.001 (0.001)
Barrier present/absent 1753.20 1 1753.20 3.43 0.077 (0.056)
Bird*barrier pres./abs. 1921.35 1 1921.35 3.76 0.062 (0.046)
Residual 25611.62 52 492.53
Total 82184.61 55
Concentration
Bird present/control 6.81 1 6.81 6.56 0.014 (0.007)
Barrier present/absent 0.33 1 0.33 0.32 0.57 (0.57)
Bird*barrier pres./abs. 0.0028 1 0.0028 0.0027 0.96 (0.97)
Residual 47.42 46 1.03
Total 54.56 49
p-values in brackets are Monte–Carlo p-values.
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barriers absent) where all the nectar was consumed by visiting
sunbirds. The only significant difference in nectar concentration
was between control and experimental flowers (p=0.014) as
the control flowers had significantly more dilute nectar (me-
dian changebird present=−0.50 (UQ=0.0, LQ=−1.0, IQR=1.0),
median change control=−1.50 (UQ=−0.5, LQ = −2.0, IQR=1.5).
We did not perform any post-hoc tests on nectar concentration
differences as none of the changes in concentration were
considered extreme enough to suggest that significant evaporation
had taken place.
4. Discussion
Our results indicate that sunbirds significantly reduce the
standing crop of nectar following visits to the flowers of S.
reginae while not contributing to the pollination of this species.
The behaviour of sunbirds indicates that they are nectar thieves
and can manipulate the nectar barrier with their beaks to gain
access to the nectar without causing obvious damage to the
flowers of S. reginae (pers. obs.). This differs from nectar
robbing birds such as the flower pierces (genus Diglossa) that
access nectar by piercing through the sidewall of flowers
(Arizmendi et al., 1996; Traveset et al., 1998). Sunbirds
consumed significantly greater volumes of nectar when visiting
flowers without nectar barriers. Our field observations suggest
however that sunbirds have learnt to carefully insert the beak
under the convoluted nectar barriers and still drink a substantial
fraction of the nectar even when nectar barriers are present. This
suggests that even if sunbirds consume significantly less nectar
with barriers present, the effect may be small. If nectar barriers
specifically functioned to prevent nectar theft by sunbirds, we
expect that the differences in volumes consumed between
flowers either possessing or lacking nectar barriers would have
been greater. The removal of nectar barriers did however appear
to reduce the variability of nectar that was being consumed.
Such a large range of volumes consumed by sunbirds visiting
flowers with nectar barriers also suggests that the effect of
nectar barriers per se at restricting the volume of stolen nectar is
likely to be overshadowed by the high variation in nectar
consumed by individual sunbirds (see Kohler et al., 2006).
Nectar barriers may therefore be more effective against insectnectar thieves such as honeybees (Apis mellifera) and ants that
were also observed attempting to rob nectar on warm mornings.
These insects are obviously weaker than sunbirds and cannot
easily access the nectar by piercing or biting through the
protective petals as larger bees such as Carpenter bees
(Xylocopa spp.) and Bumblebees (Bombus spp.) are capable
of doing (Inouye, 1983).
Ideally we would like to have been able to demonstrate
experimentally that the nectar barriers do not limit nectar
foraging by the legitimate weaver bird pollinators of S. reginae
(Skead, 1975; Coombs et al., 2007) that have short, stout bills
that we believe can easily separate the nectar barriers to reach
the nectary. This approach would however also have its
limitations, as weavers may be relatively clumsy nectar
consumers due the bill being unspecialized for nectar feeding
(Oatley and Skead, 1972). Weaver visits are also sporadic and
fleeting making their arrival difficult to predict. Typically a
flock of weavers descend on the population and visit every
flower within 5 or 10min. This may only happen once in a
week, or less frequently (Rowan, 1974; Skead, 1975; pers. obs.)
so the chances of legitimate visits to prepared flowers with
known nectar volumes are low. Our observations of weaver
visits to the flowers of S. reginae indicate that weavers do not
drink nectar from every flower that they visit, and nectar may be
secondarily important to the main reward of pollen (Coombs et
al., 2007). Therefore the absolute amount of nectar that is
present is perhaps not as important as the presence of at least
some nectar to prevent weavers from leaving the patch of plants
in search of water after visiting several flowers. Data to support
this is limited but sunbirds consumed all the nectar from 5
(36%) of the flowers without nectar barriers but only completely
emptied one (6%) of the flowers with barriers present.
The morphological features of the flowers of S. reginae that
may serve to reduce nectar thieving may also function to limit
the evaporation of nectar during warm periods as has been
shown by others (Petanidou et al., 2000). Natural populations of
S. reginae occur frequently in arid succulent thicket and we
therefore cannot rule out that these structures also function to
limit evaporative loss of nectar. However the lack of any large
positive changes in nectar concentration in the control treatment
where nectar barriers were removed suggests that this is
unlikely. We did however limit our observations to shorter
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nectar barriers in preventing evaporation would have to trace
flowers with both treatments (i.e. nectar barriers present and
absent) throughout the day. S. reginae also flowers in winter
when temperatures are more moderate and given that
environmental temperatures may influence the volume and
concentration of nectar (Nicolson and Nepi, 2005), evaporation
may play little role during this time. Plants may also
compensate for evaporative losses of nectar by having a
constant rate of secretion (Nicolson and Nepi, 2005), and may
increase secretion when nectar is removed (Navarro, 1999).
Judging from the above evidence, nectar barriers may function
to limit nectar thievery in S. reginae, but are less effective at
limiting nectar theft by the primary nectar thieves — sunbirds.
Comparative studies are however lacking and it would be
interesting to see other studies addressing the same question on
other flowers that are subject to frequent nectar pilfering. Our
study serves to demonstrate the importance of carrying out
manipulative experiments to show that structures commonly
invoked to prevent nectar theft really do limit the volume of
nectar that thieves consume.
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